A simple configuration is first proposed for the pores used by sodium and potassium ions in moving through the neural membrane. The voltage dependence of the ion current through a system of such pores is then derived from diffusion theory and shown not to agree well with experimental observation. Good agreement is obtained, however, when the end segments of the pores are modified to include constrictions and ion-specific trapping centers. Impermeable material In this treatment, the underlying assumption is that sodium and potassium ions move through the neural membrane by means of pores, which, however, are not always open. A in diameter) is shown traversing the channel. The details of the figure are not to be taken too seriously: there need not be such regularity in structure as is indicated, the channel may twist and turn out of the plane of the figure, individual channels may differ from one to another, and so on. The pertinent feature of the drawing is that the channels are narrow enough and change direction often enough to provide many opportunities for inelastic collision between the ion and the thermally agitated atomic and molecular components of the channel wall. a and b are the "gates" of the simple pore. The excess of a gate area over the ion cross-section determines the probability that an ion moving down a channel toward a gate, at a time when the aperture is not blocked by molecules of the fluid, succeeds in escaping rather than being reflected back into the channel. Using this simplified model, it is not difficult to derive an expression for the current through the many-pored membrane, provided that the occupancy of a pore by more than one ion at a time is assumed to be very rare. This assumption is not valid for all combinations of the pore parameters, but it will develop that it applies to the pore structures of interest. Therefore, the activity schedule of a pore is assumed to consist of short periods when an ion is bouncing back and forth in the channel separated by much longer intervals when nothing is happening.
This drawing features a channel through the 60-to 80-A thickness of the membrane, which connects the external fluid on the left with the internal fluid of the neuron on the right of the schematic. A single Na or K conductance ion (about 2 A in diameter) is shown traversing the channel. The details of the figure are not to be taken too seriously: there need not be such regularity in structure as is indicated, the channel may twist and turn out of the plane of the figure, individual channels may differ from one to another, and so on. The pertinent feature of the drawing is that the channels are narrow enough and change direction often enough to provide many opportunities for inelastic collision between the ion and the thermally agitated atomic and molecular components of the channel wall. a and b are the "gates" of the simple pore. The excess of a gate area over the ion cross-section determines the probability that an ion moving down a channel toward a gate, at a time when the aperture is not blocked by molecules of the fluid, succeeds in escaping rather than being reflected back into the channel. Using this simplified model, it is not difficult to derive an expression for the current through the many-pored membrane, provided that the occupancy of a pore by more than one ion at a time is assumed to be very rare. This assumption is not valid for all combinations of the pore parameters, but it will develop that it applies to the pore structures of interest. Therefore, the activity schedule of a pore is assumed to consist of short periods when an ion is bouncing back and forth in the channel separated by much longer intervals when nothing is happening.
Despite the sporadic nature of individual pore activity, when the entire system of pores is considered, the movement of ions through the membrane is steady and subject to [2] which is seen to have the same denominator as Eq. 1. In general, of course, ions will enter the membrane from both sides. If the entry rates through the outer and inner gates are IO and Ii, the net flow of ions into the neuron from the external fluid is
. [3] IO and I, are not functions of v, because the high electrical conductivity of the external and internal fluids prevents spreading outside of the membrane of the field caused by capacity charging of its surfaces. They are, however, functions of the concentrations CO and C1 of the conductance ion in the external and internal fluids. Thus, Eq. 3 can be written
. [ 
where K is a constant proportional to the number of pores and to the ease of ion entry from the external fluid (outer gate entry cross-section), while p is the ratio of the entry cross-sections of the inner and outer gates (just as a is the ratio of their exit cross-sections). A convenient form of Eq. 4 is [5] where Vion = ln(aCo/f3Ci).
[Sal v10,, the membrane potential for which the ion current is zero, is a measured quantity in many experiments, including those against which the predictions of this theory are to be compared.
If escape from the channel is very difficult, the G. For the simple pore now under consideration, the fraction of the approaching channel ions that succeed in escaping through a gate must be small. This is because such gate traversal is possible only if there is an ion-sized hole in the aggregation of water molecules just outside the gate, and the packing factor of water molecules allows for only a small number of such holes. Therefore, the conductance relation tested was Eq. 5 without the Go terms. The result is shown in Fig. 2 is arbitrary; only the shape of the conductance curve is here at issue. The broken straight line is drawn to pass through the point vi., 0 and has a slope about equal to the average slope of the experimental data.
For the computed curve of Fig. 2 , it was necessary to assign values to the two constants of Eq. 5-KCG and a. This was done with an optimization procedure that minimized the mean-square divergence from the experimental points. The result is the solid curve of the figure. Neurobiology: Wooldridge It is evident from Fig. 2 that the theoretical curve does not agree very well with the experimental measurements. But in the course of the calculations, it was noted that a better curve was produced by Eq. 5 if the Go terms were assigned substantial values instead of 0. For reasons given above, this did not seem to be physically acceptable for the simple pore configuration of Fig. 1 , but clearly there were other possibilities. A capability for higher effective values of Go characterizes the pore design next to be described.
An Improved Pore Design
The pore represented by Fig. 3 consists of a main channel (b to c) and two end channels (a to b and c to d). The main channel is similar to the entire pore of Fig. 1 , but it is shortened to make room for the two end segments, where the new features are found. The charge distribution of the atomic components in the vicinity of a or d is postulated to form a "trapping center" for the particular kind of conductance ion served by the pore. Although the ion must surmount a substantial potential hill to enter the trap and is then held only lightly by a slight depression in the top of the hill, capture can occur. This is especially true of approach from the channel, because of a one-way gating feature attributed to the pores. Such a feature may arise from any of various atomic arrangements; the one shown in Fig. 3 is for illustrative purposes only. It contains two strongly polar molecules (represented by pairs of circles with "+" and "-" labels) that guard the trapping center: when the conductance ion moves past the negative components toward the gate, these components tend to swing in behind to block return to the channel and aid entry into the trapping center.
It is appropriate here to point out that there is good evidence for the operation of some kind of ion selection process in the neural pore system. The lack of interdependence of the sodium and potassium currents established by Hodgkin and Huxley (3) was at least compatible with the idea that the two kinds of ion use different pores. And the later discovery that sodium conductance can be blocked without any effect on potassium current (4) has in fact been generally interpreted as requiring different sodium and potassium pore systems. Denial of the sodium pores to potassium ions, and vice versa, is provided for in the scheme of Fig. 3 direction, thereby holding the ion in the gate until a hole opens in the fluid into which the ion may escape.
To be sure, if transit past the polar molecules toward the main channel were completely prevented, no current could ever flow. But thermal agitation must occasionally rotate the blocking components out of the way and permit an ion, recently captured from the adjoining fluid, to pass into the channel. If this combination of events-capture by the trapping center and opening of the passage-is too infrequent, the number of pores required to account for the observed ion current may be prohibitively large. However, there is great leeway available here. It has been pointed out, for example, that the ion currents through the neural membrane are accounted for if only 1 ion in 108 of those impinging on its surface gets through the membrane to the other side (ref. 5, p. 48). Thus, by adjusting the (unknown) number of pores, quite a low probability of reverse flow through the gate structure can'be accommodated. Incidentally, the difficulty of ion entry into the channel makes tenable the assumption that only 1 ion occupies the pore at any one time.
Conductance Equation for the Improved Pore
A current-voltage relation can be derived for the pore of Fig.  3 by applying Eqs. 1 and 2 successively to the three channel segments. To be sure, the boundary conditions for the three segments must be set to ensure continuity, but this poses no unusual problem. For simplicity, as well as for a reason that will be given below, I have assumed that the two end segments have identical properties. Asymmetry of the pore is provided by the different constrictions at b and c in the passage between the main and end channels. In this equation, the scale factor K is proportional to the number of pores and to the entry cross-section of the trapping center/polar molecule configuration. vo10 is as defined in Eq. 5a but with a and p8 values that pertain to a singlechannel pore with the entry and exit cross-sections of the a and d gates. If these gates are identical, as assumed, ai and 3 are each 1. S is the fraction of approaching channel ions that succeed in escaping through gate a or d. M is the ratio of membrane thickness to mean free path of the ion in the pore, while K' stands for the numerical constant 2/sqr(3). f is the fraction of the membrane voltage that appears across each of the two end segments. b and c are the exit fractions for the main channel segment, defined in the usual way. Unacceptable sluggishness in the current could also be caused by long waits in the trapping centers. This is prevented if, as assumed, the binding energy in a center is small. All other sources of time lag, including the interval between appearances of holes next to a gate, are well below the microsecond range.
Ion Potential and Ion Concentration. Finally, some comments must be made about vion and its defining Eq. 5a. Because of the assumed identity of the two end segments of the pore, we have seen that a and /3 are each equal to 1. Therefore vion is determined by the concentrations of the conductance ion in the two fluids exactly as prescribed by the familiar Nernst equation. But if in the sodium pore the trapping center of the inner gate were omitted, entry of sodium ions into the pore from the neuron would be greatly facilitated while exit into the neuron would not be much affected. The possibility that the so-called "sodium pump" phenomenon could be accounted for by special pores of this nature has been pointed out previously (1) .
